The cyanobacterium Synechocystis aquatilis was observed growing as a monospecies in enriched phytoplankton samples in the laboratory, indicating its allelopathic activity on coexisting phytoplankton species. Therefore, the present study screened the culture medium of an axenic strain of this cyanobacterium for the presence of allelechemicals with algicidal properties by thinlayer chromatography (TLC). The allelopathic effect of S. aquatilis was evaluated by co-cultivation of target species of toxic cyanobacteria and green algae with this cyanobacterium, as well as by evaluation of norharmane (β-carboline 9H-pyrido(3,4-b) indole) crude extract prepared from the culture medium of Synechocystis. The growth of target algal species was measured as a cell density after 6 days incubation. The results showed that S. aquatilis produced the indole alkaloid norharmane with large quantities in the culture medium (86 µg l -1 ). In co-cultivation experiments, S. aquatilis inhibited the growth of all tested cyanobacteria and green algae. Norharmane crude extract exhibited stronger inhibition of cyanobacteria (EC50 = 4.6-4.8 µg ml -1 ) than green algae (EC50= 6.3-6.4 µg ml -1 ) in a concentrationdependent manner, indicating its apparent role in the allelopathic * e-mail: mzakaria_99@yahoo.com activity of S. aquatilis. The possible applicability of the allelochemical, norharmane, as an algicide to prevent the formation of harmful algal bloom was discussed.
INTRODUCTION
An Interaction among phytoplankton in an aquatic ecosystem does not only occur through differential exploitation of limiting resources, but also through direct inhibition of competing organisms (Krebs 2000) . The direct inhibition of competitors via secondary metabolites produced by other organisms is a type of allelopathy (Rice 1984 , Lambers et al. 1998 . The phenomenon of allelopathy has been reported in a number of phytoplankton groups including Cyanobacteria, Haptophytes, Dinoflagellates (Legrand et al. 2003 , Uronen et al. 2007 ). Allelopathy can affect biodiversity (Czaran et al. 2002) and the succession and structure of phytoplankton communities (Vardi et al. 2002 , Legrand et al. 2003 . Additionally, allelopathy may also facilitate the spread of invasive species (Bais et al. 2003 , Figueredo et al. 2007 , if native competitors have not evolved the resistance to allelopathic compounds of exotic competitors (Vivanco et al. 2004) .
Most observations on phytoplankton allelopathy originate from freshwater habitats and most of them concern cyanobacteria (Gross 2003) . Cyanobacteria are well known to produce a wide range of secondary metabolites with allelopathic activities including antialgal, antibiotic, antifungal and anti-predator activities are allelopathic compounds (Smith, Doan 1999; Gross 2003; Legrand et al. 2003) . These allelochemicals are released into the environment during algal growth or at cell lysis (Jaki et al. 2001) .
Among substances produced by some strains of cyanobacteria and exhibiting the growth inhibition towards phytoplankton organisms are harmane and norharmane (Kodani et al. 2002; Volk 2005 Volk , 2006 Volk, Furkert 2006; Volk, Mundt 2007) , and nostocarboline (Blom et al. 2006 ). Due to their natural origin, most allelopathic compounds will not only be biodegradable but also less polluting than traditional synthetic chemicals (Macías et al. 2008; Park et al. 2006a,b) , which means that most allelochemicals have short half lives compared to synthetic pesticides. For this reason, it might be possible that these allelochemicals can be applied as algicides to control harmful algal blooms. Accordingly, some species of aquatic primary producers were found to be allelopathically active, but many species have still not yet been investigated for their allelopathic properties. Hence, the trend in research on allelopathy should be turned from descriptive studies to analytical studies that focus on the isolation and identification of active compounds (Erhard 2006) .
The microscopic investigation of phytoplankton samples from a wastewater pond in Southwest of Saudi Arabia showed the dominance of the cyanobacterium Synechocystis aquatilis. The species was also observed as a monospecies growing when the phytoplankton samples were enriched with BG-11 medium in the laboratory (Personal communication, Zakaria A. Mohamed, Sohag University, Egypt). We thereby supposed that this cyanobacterium could produce allelopathic substances with antialgal activity. Therefore, the present study aimed to isolate and identify such allelopathic substances produced by S. aquatilis, and to investigate the antialgal activity of this cyanobacterium on selected species of cyanobacteria and green algae in batch experiments including co-cultivation with living cells or growing in the presence of norharmane crude extract.
MATERIALS AND METHODS

Synechocystis aquatlis culture
The cyanobacterium S. aquatilis was isolated from a wastewater pond in the city of Abha, Southwest of Saudi Arabia. S. aquatilis was isolated from water samples by the streak-plate method using BG-11 medium (Stanier et al. 1971) . Single clonal isolates were transferred into a sterile screw cap test tube containing 5 ml of BG-11 medium and incubated in a light incubator at 24°C under continuous fluorescent white light at an intensity of 30 µmol photon m -2 s -1 for one week. To obtain large biomass of this cyanobacterium species, the 5 mlcultures were used to inoculate 50 ml-cultures, and then the 50 ml-cultures were transferred to a 1 l flask containing 500 ml BG-11 medium and incubated under the same conditions described above with continuous shaking for 30 days. The cultures were examined microscopically to ensure that there were no contaminating microorganisms. Bacterial contamination of cyanobacterial cultures was checked periodically by inoculation in LB medium and visualization under dark-field microscopy. Eukaryotes were eliminated from cyanobacterial cultures using cycloheximide -20 μg ml -1 .
Extraction of norharmane
The species was tested for the presence of the most common antialgal agents (harmane and norharmane) which were previously isolated from cyanobacteria (Volk 2005; Volk, Furkert, 2006; Volk 2008) . The biomass and culture medium of S. aquatilis were separated by centrifugation at 4000 × g for 10 minutes. The algal pellet was ultrasonicated and extracted with ethyl acetate. Then the ethyl acetate solution was evaporated to dryness, and the residue was re-dissolved in 10 ml ethanol. The culture medium was divided into sub-samples and each sub-sample was passed slowly through XAD resin using a 1 l glassy separating funnel as a carrier for resin and culture medium. The adsorbed compounds were removed from the XAD resin by extraction with methanol (100%, p.a.) according to Volk (2005) . The resulting methanolic solution was evaporated to dryness; the residue was dissolved in 25 ml ethanol (100%, p.a.). The ethanol extracts of algal pellets and culture medium were subjected to silica gel chromatography TLC (Kieselgel 60F254, 20×20 cm, Merck) and eluted with ethyl acetate:methanol:water (100: 16.5:13.5; v:v:v) . 10 µl of test solutions (cell extract and medium extract) and references solutions (harmane and norharmane) (Sigma-Aldrich) with concentration of 200 µg per ml methanol (100%) were applied to the plates. The substance-loaded silica gel areas, visible in UV light (254 nm), were scraped off and extracted with methanol (100%, p.a.). TLC plates were scanned, digitized and analyzed by UN-scan-it gel scanning software (Silk Scientific, Orem, Utah).
Target organisms
The target organisms used for the allelopathic activity experiments included two cyanobacteria species: Microcystis aeruginosa and Oscillatoria limnetica, and two green algae species: Chlorella vulgaris and Ulothrix sp. The cyanobacteria species were previously isolated from the same pond where antialgal S. aquatilis was found, and were found to produce the microcystin toxin (Al-Shehri 2010; Mohamed, Al-Shehri 2009), while the green algae species were isolated and purified from Synechocystis samples during the present study.
Allelopathy experiment set-up
Prior to the laboratory experiment, cyanobacteria and green algae species were grown in 50-ml Erlenmeyer flasks containing 25 ml BG-11 medium under the same conditions as the Synechocystis culture until the exponential growth phase was reached. The exponentially growing cells of target algae were then used as inocula to start the allelopathy experiment. The target algae were cocultivated with antialgal S. aquatilis at different initial algal densities (5×10 4 , 1.5×10 5 and 5×10 5 cells ml -1 ) in 250-ml Erlenmeyer flasks containing 100 ml BG-11 medium. Cultures of target algae without S. aquatilis cells were taken as controls. To test the inhibitory effect of norharmane as a potentially antialgal allelochemical produced by Synechocystis on cyanobacteria and green algae, each target species was cultivated in 250-ml Erlenmeyer flasks containing 100 ml BG-11 medium and supplemented with 0.1, 1, 5, 10 µg crude extract of norharmane ml -1 . Cultures without S. aquatilis extract were taken as controls. Each treatment was applied in triplicate. All cultures were incubated at 25 ±2°C and illuminated with cool white fluorescent lamps of 30 μmol photons m -2 s -1 under continuous stirring (100 rpm) for 6 days. The growth of each target alga in treated and control cultures was monitored daily by cell counting using a Sedgwick-Rafter counting chamber (APHA 1995) and an Olympus binocular microscope. The rate of growth inhibition of target algae was determined at the end of experiment and calculated as a difference between the cell concentration in the control (C) and that in treated cultures (T) normalized by the cell concentration in the controls and expressed as a percentage as shown in this equation.
The rate of inhibition was then analyzed for linear regressions, and EC50 values were determined by probit analysis (Finney 1963) .
Statistical analysis
The difference in growth inhibition of target species under the conditions of co-cultivation with Synechocystis cells or exposed to different concentrations of norharmane crude extract was compared by one-way ANOVA followed by Tukey's honestly significant difference (HSD) test conducted at the 95% confidence level using SPSS 17.0 software.
RESULTS
Norharmane production
The results of TLC analysis of the cell and medium extracts of S. aquatilis showed that this cyanobacterium can produce the indole alkaloid norharmane compared to the standard one (Fig. 1) . Based on the gel scanning results, it was found that norharmane concentration within Synechocystis cells (2.6 µg l -1 , equivalent to 2.6 per 4.8 × 10 8 cells) was much lower than its concentration in the growth medium (84 µg l -1 ) at the exponential growth phase. 
Allelopathic activity of S. aquatilis against other microalgae
The co-cultivation assay simulating the conditions in an aquatic ecosystem was performed with a mixed culture system of antialgal S. aquatilis and a target algal species, in which a continuous allelopathic influence on these algae was obtained. As shown in Fig. 2 , the growth of cyanobacteria M. aeruginosa and O. limnetica, measured by cell density, was inhibited in the presence of S. aquatilis cells in as much as 81% and 98%, respectively, compared to control cultures. The growth inhibition rate of these two species varied significantly between treated and control cultures (P=0.001-0.02) and increased with the increase of initial cell densities of S. aquatilis ( Fig.  2A, B) . On the other hand, the growth of green algae species used in this study (C. vulgaris & Ulothrix sp.) did not differ significantly at lower initial cell densities of S. aquatilis (5 & 15 × 10 4 cells ml -1 ) between treated and control cultures (P=0.3-0.9), whereas the highest cell density (50 × 10 4 cells ml -1 ) of S. aquatilis caused an inhibition of the growth of these two species by 61 and 69.7% of the control, respectively (Fig. 2C, D) . The results indicated that cyanobacteria species appeared to be more sensitive to allelochemicals produced by the cyanobacterium S. aquatilis than chlorophycean species. The median inhibition concentration (EC50) of Synechocystis cells was greater for green algae species than cyanobacteria species (Table 1) . For further study about the antialgal activity of the allelochemical produced by S. aquatilis, the growth of target species of cyanobacteria and algae was monitored in batch cultures grown at different concentrations of norharmane crude extract obtained from S. aquatilis medium. The results revealed that norharmane crude extract exhibited a strong antialgal activity against cyanobacteria and green algae species when compared to live cells of S. aquatilis in co-cultivation experiments. The cell densities of M. aeruginosa and O. limnetica were significantly reduced as influenced by norharmane crude extract in the range from 35 to 97% of control for Microcystis and from 24 to 96% of the control for Oscillatoria (Fig. 3A, B) . Moreover, a significant difference in the reduction of cell density of Microcystis (P<0.05) and Oscillatoria (P<0.001) was observed among cultures with different concentrations of norharmane crude extract. The reduction in the cells density increased with the increasing norharmane concentrations (Fig. 3A, B) . However, no significant variation in EC50 values of norharmane was observed between Microcystis and Oscillatoria (P>0.05). Norharmane crude extract also affected the growth of green algae species but to a smaller extent (EC50 = 6.2-6.3 µg ml -1 ) than that of cyanobacteria species (EC50 = 4.6-4.8 µg ml -1 ) ( Table  1 ). The growth inhibition rate of these two green algae as influenced by norharmane did not vary significantly between C. vulgaris (18-84% of the control) and Ulothrix sp. (21-82% of the control) (P>0.05). However, the inhibition rate was a concentration-dependent (P=0.004), which increased with the increase in the norharmane level in the cultures (Fig. 3C, D) .
DISCUSSION
The present study demonstrated for the first time that the cyanobacterium S. aquatilis can produce the antialgal norharmane (β-carboline 9H-pyrido(3,4-b) indole). However, norharmane can be produced by some bacterial strains associated with cyanobacterial cells (Kodani et al. 2002) . As cyanobacterial cultures used in the present study are axenic and no bacterial contamination was observed throughout the experiment period (data not shown), these results verified the norharmane production by the cyanobacterium S. aquatilis. Indeed, S. aquatilis is not the only cyanobacterium, which can produce such β-carboline compounds. A few species including Nodularia harveyana, Nostoc insulare and Nostoc 78-12A have been previously reported to produce norharmane and its derivative nostocarboline (Volk 2005 (Volk , 2007 Becher et al. 2005, respectively) . The production of such allelopathic compounds is highly species-, and even straindependent (Leflaive, Ten-Hage 2007) . In the present study, the norharmane concentration detected in the culture medium of S. aquatilis was about five times (84 µg l -1 ) higher than the concentration reported for N. insulare (16 µg l -1 ) (Volk, Mundt 2007) . On other hand, norharmane concentrations within Synechocystis cells at the exponential growth phase were very low (2.6 µg l -1 ) compared to those detected in the culture medium. These results are thus in accordance with those obtained in other studies, i.e. finding that norharmane and nostocarboline are produced within cells and released from cyanobacterial cells into the environment during the growth (Jaki et al. 2000 (Jaki et al. , 2001 Volk 2005 Volk , 2007 Blom et al. 2006) .The production and release of norharmane by the cyanobacterium S. aquatilis into medium, could likely occur in the natural environment, and thus affect other organisms co-occurring in the same habitat. In the present study, two methods were applied to assess the allelopathic activity of this cyanobacterium on the representative species of cyanobacteria and green algae. The first included the co-cultivation of S. aquatilis with each target algal species in the batch experiment, while the second included the evaluation of the norharmane crude extract of S. aquatilis cells.
Although the results of the two methods revealed the allelopathic activity of S. aquatilis inhibiting the growth of cyanobacteria and green algae, the norharmane crude extract exhibited stronger growth inhibition than co-cultivation with living cells. This may be due to the low concentrations of the allelopathic substance (norharmane) released into the medium from Synechocystis with low cell numbers in the co-cultivation experiment compared to high norharmane concentrations in the cell-free medium obtained from large biomass. Additionally, cyanobacterial species appeared more sensitive to norharmane (i.e. low EC50 values) than green algal species (i.e. high EC50 values). These results partially correspond with earlier studies demonstrating that harmane and norharmane inhibited the growth of cyanobacteria rather than green algae (Kodani et al. 2002 , Volk 2006 . However, our study showed that green algae can be affected by norharmane particularly at the high concentration used in the experiment (10 µg ml -1 ). The discrepancy in the results between our study and previous ones may be due to the difference in strains of green algae used, or due to the difference in the assay methods of antialgal activity. The assay in the liquid culture could be more reliable than the agar diffusion assay, where the latter allows only a semi-quantitative interpretation (Erhard, Gross 2006 ) and may be less suitable for planktonic species. As norharmane released in large quantities into the culture medium during the growth of Synechocystis, its allelopathic activity can be relevant in the natural systems (Erhard 2006) and help the producer, S. aquatilis, fight other microalgae. Although, the allelochemicals can affect the structure of phytoplankton communities (Vardi et al. 2002 , Legrand et al. 2003 , they can be employed as algaecides for harmful algal bloom control (Rastogi, Sinha 2009 ) and can be useful in preventing biofouling (Gademann 2007) . Based on the present results and the review of the literature, it can be concluded that the allelopathic potential made either S. aquatilis or its allelochemical norharmane a possible candidate for bloom controlling or mitigating. However, there is a major question whether the allelochemicals are produced in quantities large enough to be effective and whether inhibition under test conditions means that these effects can also be observed in nature. Given the high concentration of norharmane produced by S. aquatilis, the quantity could be sufficient to combat other microalgae in lakes and ponds rather than in rivers and streams. This is because algal exudates may be rapidly carried away by the current in rivers and streams (Vardi et al. 2002 , Takamo et al. 2003 . However, an addition of a new living organism to natural environments can disrupt the entire ecosystem with disastrous consequences (Jeong et al. 2000 , Verschuere et al. 2000 , Gumbo et al. 2010 . For example, allelochemicals released by an invasive species into a new environment may result in its predominance, because native organisms lack the defense/detoxification mechanisms developed through co-evolution. Alternatively, antialgal allelochemicals being natural and fast degradable in the natural environment (Park et al. 2006a,b) , might be applied directly to the water to prevent the formation of harmful algal blooms (Churro et al. 2009 ). Nevertheless, further studies on the effect of such allelochemicals on the structure of a natural plankton community and their half life time in the aquatic environment should be addresses before the application as algicides.
